Abstract Thermally driven steady mixed convective chemically reacting flow of an electrically conducting viscous incompressible fluid over a linearly stretching sheet in the presence of suction/injection, heat generation/absorption and thermal radiation is investigated. The governing nonlinear equations are transformed into ordinary differential equations using the similarity transformation, and linearized using the perturbation series expansions. The resulting linear similarity equations are solved semi-analytically using the Mathematica 9.0 software. Solutions of the concentration, temperature, velocity, Nusselt number, Sherwood number and skin friction are obtained, and presented graphically to illustrate the effects of the various parameters on the dependent flow variables. The results are extensively discussed. Furthermore, the results obtained are bench-marked with some of those obtained in the earlier studies in literature, and are found to be in consonance.
Introduction
Convective flow over moving stretching sheets/surfaces with uniform or non-uniform velocity in an ambient fluid has applications in several manufacturing processes. It is relevant in the plastic sheet extrusion or polymer processing, cooling of infinite metallic plate in a cooling bathe, glass blowing, wire and fibre coating, extrusion of molten metal from non-metallic inclusions, and so on.
A manufactured product in the form of a thermal forming stretching sheet at high temperature needs cooling in a fluid system. The properties of the final product depend largely on the rate of cooling, which can be achieved by drawing the sheet in an ambient fluid, thus allowing the fluid to flow over it. Introducing a hot stretching sheet into an ambient flowing fluid may give rise to new situations in the flow field. For example, the heat from the hot sheet is emitted, absorbed into the fluid and transported by convection; fluid can be sucked into or injected out of the stretching sheet, thus making the flow suction/injection induced; the sheet may contain chemicals which may diffuse into the fluid. With the chemicals, the fluid may become electrically conducting, and thus magnetically susceptible. Drawing the sheet in the fluid can be achieved, using applied forces in conjunction with the free convection force, making the problem mixed convective.
For its practical applications, great research interest has been attracted to this domain of study. Some considered the linearly stretching sheet; some the non-linearly stretching sheet (see Motsa and Sibanda [1] ); some the exponentially stretching sheet (see Ferdows et al. [2] ), and others, the rotating stretching sheet (see Wahiduzzana et al. [3] ). Specifically, a number of reports exist in literature on the problem of flow over linearly stretching sheets. For example, Nadeem et al. [4] examined the two dimensional flow of Williamson fluid over a stretching sheet using similarity transformations, boundary layer approach and homotopy analysis method, and observed that the velocity and skin friction decrease with the increase in the Williamson parameter. Nadeem et al. [5] studied the steady flow of Casson fluid over a linearly stretching sheet in the presence of a nano-particle using similarity transformation solution and numerical approach, and observed that the Brownian and thermo-phoresic parameters reduce the Nusselt number but increase the Sherwood number. Awad et al. [6] considered the unsteady incompressible flow of a polymer nano composite represented by an Oldroyd-B nano-fluid along a stretching sheet using the spectral relaxation method, and found that the visco-elastic profiles of the fluid resist the motion; the effect of the Brownian motion on the rate of the heat transfer is negligible.
Convective flows under the influence of a magnetic field and chemical reaction occur in many transport processes, both in natural and artificial worlds. Therefore, they are applicable in science and engineering. The phenomena are relevant in the chemical industry, power and cooling industry for drying, chemical vapour deposition on surfaces, cooling of nuclear reactors and petroleum industries. Sakiadis [7] developed a numerical solution using a similarity transformation for steady heat flow over a moving continuous surface. Elbashabeshy and Bazidn [8] studied the flow and heat transfer in a porous medium over a stretching surface with internal heat generation and suction or blowing, and found that the heat transfer in the flow is analyzed only when the surface is held at constant temperature. Arial et al. [9] investigated a visco-elastic non-Newtonian fluid flow past a linearly stretching sheet with partial slip effects; Kandasamy et al. [10] presented a group analysis for the Soret and Dufour effects on free convective heat and mass transfer with thermo-phoresis and chemical reaction over a porous stretching surface in the presence of heat source/sink.
The study has also been extended to include the effects of magnetic field. Magnetohydrodynamic convective heat and mass transfer in porous and non-porous media is of considerable interest in technical field due to its applications in industries, geothermal, high temperature plasma, liquid metal and MHD power generating systems. Xu [11] considered the convective MHD heat transfer flow over a linearly stretching surface with uniform free stream, and obtained the heat transfer effect. Cortell [12] studied the flow and heat transfer of a fluid through a porous medium over a stretching surface with internal heat generation/absorption and suction/blowing, and obtained analytic solutions for both when the surface temperature is constant and prescribed. They observed that the skin friction is independent of both Prandtl number and source/sink parameter; the increase in the permeability decreases the velocity but increases the temperature; suction decreases the velocity whereas injection increases it. Seddeek and Almushigeh [13] investigated the effects of radiation and variable viscosity on MHD free convective flow and mass transfer over a stretching sheet with chemical reaction. Oahimire and Olajuwon [14] studied the hydrodynamic flow of a viscous fluid near a stagnation point on a linearly stretching sheet with variable thermal conductivity and heat source/sink analytically using similarity transformation and perturbation technique. They observed among others, that the increase in heat generation decreases the temperature profiles, and the increase in magnetic field increases the temperature profiles showing that the temperature of the fluid near the sheet is higher. Shateyi [15] considered the flow of a Maxwell fluid past a vertically stretching sheet in a Darcian porous medium under the influence of thermo-phoresis, thermal radiation and uniform chemical reaction using the method of similarity and Chesbyshev pseudo-spectral collocation method. He saw that the temperature increases with the increase in magnetic field, porosity, Deborah number and thermal radiation parameter but decreases with the increase in Prandtl number.
Many processes in engineering occur at higher temperature, and the quality of the final product depends, to a great extent, on the rate of cooling and heat controlling factors. Therefore, the knowledge of radiative heat transfer has become very important in the design of pertinent equipment. Radiative heat and mass transfer play important roles in the design of fins, steel rolling, nuclear power plants, gas turbines, and various propulsion devices for aircraft, missiles, satellites, and space vehicles. Upon these imports, Vyas and Srivastava [16] investigated the radiation effects on the MHD flow over a non-isothermal stretching sheet in a porous medium. Motsa and Shateyi [17] studied the problem of unsteady heat and mass transfer from a stretching surface embedded in a porous medium with suction/injection and thermal radiation effects using successive linearization method, and showed that the results obtained are more accurate and efficient than those obtained by the homotopy method and Runge-Kutta numerical scheme. Vyas and Srivastava [18] studied the radiation effects on MHD boundary layer flow in a porous medium over a non-isothermal stretching sheet in presence of dissipation. Ibrahim [19] studied the steady two-dimensional radiative MHD boundary layer flow of an incompressible, viscous, electrically conducting fluid caused by a non-isothermal linearly stretching sheet placed at the bottom of fluid saturated porous medium in the presence of viscous dissipation and chemical reaction using the similarity transformations and numerical shooting method. They observed that the skin friction, Nusselt number, and Sherwood number decrease with the increase of the magnetic field parameter or permeability parameter; the velocity profiles increase with the increase of Grashof number or modified Grashof number. Moreover, they noticed that both velocity and the temperature profiles decrease with the increase of the wall temperature parameter; the increase of the thermal radiation parameter decreases the velocity and temperature profiles; the Schmidt number decreases the concentration field. Hayat et al. [20] studied the mixed convective MHD flow of a non-Newtonian nano-fluid over a linearly stretching sheet in the presence of thermal radiation, heat source/sink and first order chemical reaction using the similarity transformation and series solutions. They noticed amongst others, that the increase in momentum boundary layer thickness, velocity profiles and thermophoretic parameters increase the temperature and concentration profiles; the rise in the Brownian motion parameter increases the skin friction coefficient and Sherwood number but decreases the local Nusselt number. Sandeep et al. [21] considered the boundary layer flow of a thermophoretic MHD dissipative nano-fluid over an unsteady stretching sheet in a porous medium with space and time dependent heat source/sink using similarity transformation and numerical shooting technique. They noticed amongst others, that the magnetic field and porosity parameters reduce the velocity but increase the temperature profiles; thermo-phoresis, Brownian motion parameters and Lewis number do not influence the velocity. Sreedevi et al. [22] examined the influence of the radiation absorption variable viscosity and hall current of a MHD free convective heat and mass transfer flow over a linearly stretching sheet in the presence of heat generation/absorption using the method of similarity transformation and numerical finite difference scheme. They observed that an increase in the radiation absorption parameter increases the velocity, temperature, concentration, Nusselt and Sherwood numbers. Adeniyan [23] investigated the steady two-dimensional hydro-magnetic free convective boundary layer flow over a linearly stretching vertical porous sheet embedded in an expanse of incompressible, electrically conducting fluid in the presence of combined influence of stress work, exponentially decaying heat generation, Soret and Dufour numbers, and suction/injection parameter using a numerical approach. He observed, amongst others, that the field velocity increases in the boundary layer with the increase in the buoyancy parameters, Eckert number, Schmidt number, thermal conductivity variation, heat generation and chemical reaction.
Similarly, the flow involving chemical reaction has been well investigated. Takhar et al. [24] examined the flow and mass transfer characteristics of a viscous electrically conducting fluid over a continuous stretching surface with chemically reacting species and non-zero slot velocity using an implicit finite difference scheme. They noticed that the magnetic field increases the surface skin friction but reduces the surface mass transfer; the surface mass transfer depends on the Schmidt number and reaction rate, which increases as they increase. Makinde and Sibanda [25] investigated the effects of first-order homogeneous chemical reaction on a twodimensional boundary layer flow past a stretching surface in the presence of internal heat generation using the numerical shooting technique and sixth-order Runge-Kutta scheme. They found that for positive values of buoyancy parameter the local skin friction and mass transfer coefficient increase with the increase in Eckert number and Schmidt number while the heat transfer coefficient decreases with the increase in Eckert number and Schmidt number; both velocity and temperature profiles increase when the heat generation parameter increases.
Takhar et al. [24] investigated the flow and mass transfer characteristics of a viscous electrically conducting fluid on a continuous stretching surface with chemically reacting species using an implicit finite difference scheme. They did not consider the effects of thermal differentials. Therefore, this paper examines the roles of thermal differentials and other chosen parameters in the motion of linearly stretching sheet in a fluid.
This paper is organized in the following manner: section 2 is the methodology; sections 3 and 4 hold the results and discussion respectively, and section 5 is the conclusion.
The Physics of Problem and Mathematical Formulation
We consider the problem of steady MHD two-dimensional flow of fluid over an accelerating semi-infinite linearly stretching surface. We assume that two equal and opposite forces are applied along the x-axis so that the wall is stretched keeping the origin fixed, thus giving the sheet a unidirectional orientation; that these equal and opposite forces partly generate the flow. The x-axis is taken to be the direction along the porous surface, and this coincides with y=0.More so, we assume the fluid is incompressible and Newtonian; the sheet is permeable, and coated with some chemical species whose concentration varies linearly along the length of the surface; suction or injection is imposed at the boundary; a constant external magnetic field is applied normal to the sheet surface; there is a first order chemical reaction; the sheet is maintained at wall temperature and concentration higher the ambient temperature and concentration of the fluid; there are buoyancy forces arising from the concentration and temperature gradients; viscous dissipation is negligible. ) respectively; then the mathematical models for the continuity, momentum, energy and diffusion equations, using the Boussinesq approximations are: 
where ' T is the temperature of the fluid,  T is the ambient temperature of the fluid, ' C is the concentration of the fluid, V is the suction/injection. w T is the temperature at the wall of the plate surface, w C is the concentration at the wall of the plate surface,  is the Stefan-Boltzman constant,  is the depth of penetration of the rays into the fluid.
Furthermore, we assume the medium is optically thin, that is, its density is relatively low; the medium is transparent, and the depth of penetration of radiant rays (or the mean radiation absorption) into it is such that 1   (see Vincetti and Krugger [26] , Siegel and Howel [27] , Alagoa et al. [28] , Israel-Cookey and Nwaigwe [29] ).To this end, equation (5) 
Similarly, we assume the reference temperature is not much different from those of the adjacent layers of the fluid such that
, where is a temperature difference between adjacent fluid layers, otherwise called a non-constant small temperature correction parameter, and can be expressed in Taylor series as 
Introducing the following dimensionless terms: 
where  is the dimensionless temperature,  is the dimensionless concentration, N is the buoyancy ratio, 2 M is the Hartmann number, 2  is the Darcy number, Gr is the Grassh of number, Pr is the Prandtl number, Sc is the Schmidt number. U is the free stream velocity of the fluid, 2 1  is the dimensionless chemical reaction rate,  is the dimensionless heat generation generation/absorption parameter) into equations (1), (2), (10) and (4), we get
) (
where
(17) Furthermore, we invoke the stream function and similarity solutions
(where  is the stream function, f is the similarity velocity function,  is the similarity independent variable) into equations (12) - (17) to have
(where the primes denote differentiation with respect to
with the boundary conditions:
Method of Solution
An examination of the similarity equations (20) - (22) shows that they are highly coupled. To linearize and make them tractable, we seek the perturbation series solutions of the form ...
... (26) ... ), as seen in Cortell [14] .
Substituting these in equations (20)- (22) leads to more complex and intractable similarity solutions. Therefore, to have solutions that may give approximate pictures of the flow, we modified the equations (20)- (22) 
and (26)- (28) as: ...
Now, by equations (31) - (33), equations (28) - (30) with the boundary conditions, equations (23) and (24) give
Sc
(35) with the boundary conditions 1
for the zeroth order, and
with the boundary conditions
for the first order Furthermore, we define the heat transferred rate (or local Nusselt number Nu ); mass transfer rate (or the local Sherwood number Sh), and the skin friction f C in the dimensionless form as: 
Results and Discussion
The problem of MHD steady mixed convective flow of a chemically reacting viscous incompressible flow over a linearly stretching sheet under the influence of heat generation/absorption, thermal radiation and constant suction/injection is investigated. The effects of Hartmann number, Raleigh number, thermal differentials, chemical reaction rate, suction and Prandtl number are examined, and the results shown graphically and quantitatively in Fig.1-Fig.15 , and Table 1-Table 7 On the assumption that the fluid is electrolytic; therefore magnetically susceptible makes it exists as ions, whose motion in the magnetic field produces electric currents. The magnetic field in turn influences the electric currents to generate a mechanical force [the Lorentz] that gives the flow a new orientation. Fig.1 and Fig.3 show that magnetic field increases the concentration and velocity of the flow field, while Fig.2 and Table 1 show that magnetic field decreases the temperature, Nusselt number and Sherwood number. These results agree with [15, 19, 24] . Furthermore, through radiation heat in the form of electromagnetic waves are emitted from the sheet into the fluid, and this leads to a convective flow. Non-dimensionally, this is expressed as the Raleigh number, which has its toll on the flow. Fig.4 and Fig.5 show the Raleigh number increases the temperature but decreases the Nusselt number of the flow field. These results are in consonance with [15, 22] . Usually, there is a thermal gradient between the external/environmental temperature and the fluid ambient/equilibrium temperature. This temperature gradient, in the presence of gravitational force leads to free convective force, expressed as the Grashof number. This force gives buoyancy, an energizing and a lifting force to the fluid particles. Tables 2 and Table 3 , and Fig. 6 show that the Grashof number increases the concentration, temperature and velocity but decreases the Sherwood number and skin friction of the flow field. These results align with [19] . Even so, a chemical reaction leads to the depletion of the chemicals in a fluid. The chemical reaction may be exothermic or endothermic, and whichever occurs, the heat content of the system is either increased or decreased. Table 5 and Fig.7 show that the chemical reaction rate increases the concentration but decreases the Sherwood number of the flow field. Also, as seen in Fig.7 , the drop in the Sherwood number is gradual for δ 1 2 ≤1.0 and drastic for δ 1 2 ≥5. Moreover, the calculation shows that , 91876
and ϵ=0.27. These depict that this problem is suction induced. Upon this, the fluid moves towards the stretching sheet. And, this has its attendant effects on the flow field. Fig.8 -Fig.11 show that the suction parameter decreases the concentration, velocity, Sherwood number and skin friction, respectively. Additionally, Prandtl number is a dimensionless representation of the ratio of kinematic/momentum diffusivity to thermal diffusivity. It increases when the momentum diffusivity dominates the thermal diffusivity. Fig.12 and Fig.13 , and Table 6 depict that the temperature, velocity and Sherwood number decrease as the Prandtl number increases, while the Nusselt number and skin friction increase as the Prandtl number increases. These results are in agreement with [12, 15] . Similarly, buoyancy ratio depends on the strength of the concentration differential and thermal differential compared. It rises when the concentration gradient increases. Fig.14, Fig.15 and Table 7 show that concentration, temperature, Sherwood number and skin friction decrease as the buoyancy ratio parameter increases while the velocity increases as the buoyancy ratio increases. These results are in alignment with [23] .
Conclusion
Thermally driven MHD steady mixed convective chemically reacting flow of a viscous incompressible fluid over a linearly stretching sheet with the attendant heat generation/absorption, suction/injection and thermal radiation is examined. The overall analysis shows that the increase in the  magnetic field parameter increases the concentration and velocity but decreases the temperature, Nusselt number and Sherwood number;  the Raleigh number increases the temperature but decreases the Nusselt number;  Grashof number increases the concentration, temperature and velocity but decreases the Sherwood number and skin friction;  chemical reaction rate increases the concentration but decreases the Sherwood number;  suction decreases the concentration, velocity, Sherwood number, and skin friction;  Prandtl number decreases the temperature, velocity, Sherwood number but increases Nusselt number and skin friction;  buoyancy ratio parameter decreases the concentration, temperature, Sherwood number and skin friction but increases the velocity.
